ABSTRACT Organic acids have long been known for their beneficial effects on growth performance in domestic animals. However, their impact on immune responses against viral antigens in chickens is unclear. The present study aimed to investigate immunological parameters in broilers immunized with a H9N2 vaccine and/or fed a diet containing organic acids (citric, formic, and lactic acids). We allotted 1-day-old broilers into 4 groups: control (C), fed a diet supplemented with organic acids (O), administered a H9N2 vaccine (V), and fed a diet supplemented with organic acids and administered a H9N2 vaccine (OV). Blood and spleen samples were taken at 2, 7 and 14 d post vaccination (DPV). At 14 DPV, total and H9N2-specific IgG levels were significantly lower in the OV group than in the V group. However, it was intriguing to observe that at 2 DPV, the percentage of CD4 + CD25 + T cells was significantly higher in the OV group than in the other groups, indicating the potential induction of regulatory T cells by organic acids. In contrast, at 2 DPV, the percentage of CD4 + CD28 + T cells were significantly lower in the OV group than in the other groups, suggesting that CD28 molecules are down-regulated by the treatment. The expression of CD28 on CD4 + T cells, up-regulated by the stimulation with phorbol 12-myristate 13-acetate (PMA) and ionomycin (Iono), was inhibited upon organic acid treatment in OV group. In addition, the proliferation of lymphocytes, stimulated with formalininactivated H9N2, was significantly higher in the V group than in the OV group. Alpha 1-acid glycoprotein (AGP) production was significantly lower in the OV group than in the V group, suggesting that the organic acids inhibited the inflammation caused by the vaccination. Overall, induction of regulatory CD4 + CD25 + T cells, coinciding with the decrease of H9N2-specific antibodies, was observed in broilers fed organic acids.
INTRODUCTION
Since the late 1990s, due to the proposed ban of antibiotics in animal feed worldwide (Casewell et al., 2003) , use of organic acids as a feed additive became popular, and various researches on acidifiers for the enhancement of growth performance in domestic animals were promoted (Dibner and Buttin, 2002) . In addition, organic acids are known to have beneficial effects on feed conversion (Vogt et al., 1981) and body weight gain (Patten and Waldroup, 1988; Skinner et al., 1991) . Harmful microbes, including Escherichia coli and Salmonella, were reduced in broilers fed with a diet containing propionic acid (Izat et al., 1990) , formic acid (Hinton and Linton, 1988; Iba and Berchieri, 1995) , and citric acid (Hassan et al., 2010) . Lactic acids produced by Lactobacillus can inhibit growth of harmful microbes, including Campylobacter jejuni in broiler (NealMcKinney et al., 2012) . Furthermore, organic acids appeared to affect the intestinal environment, including increasing villus height and its surface area (Garcia et al., 2007) . Overall, organic acids are known to have nutritional and antimicrobial effects, but little is known about their immunological impact.
Providing feed additives is one of the crucial strategies in maintaining immune system balance in domestic animals (Jackson, 2008) . For instance, supplemental feeding of vitamin E improved antibody responses in chickens that were administered the Newcastle disease virus vaccine (Zhang et al., 2009) . Similarly, sweet orange peel extracts increased the antibody titer in chickens against the Newcastle disease virus and infectious bursal disease virus (Pourhossein et al., 2015) . Exogenous enzymes containing amylases, xylanases, and proteases, together with a coccidia vaccine, reduced pathologic lesion score and oocytes number for an Eimeria infection (Parker et al., 2007) .
Gut homeostasis is controlled by commensal microbes that affect various immune cells, including regulatory T cells (Tregs), CD103 + dendritic cells, and IgAsecreting B cells, to suppress unnecessary inflammation in mouse model (Chu and Mazmanian, 2013) . Because organic acids have been used as an agent for the healthy status of intestine in domestic animals (Neal-McKinney et al., 2012; Suiryanrayna and Ramana, 2015) , they may affect gut homeostasis as well. The objective of the study, therefore, is to examine how gut homeostasis by organic acids impact systemic immune responses.
In our study, we investigated how the immunological balance of broilers, after being vaccinated, might be affected by the provisioning of organic acids.
MATERIALS AND METHODS

Experimental Design
At hatching, 48 broilers (ROSS) were fed a diet containing 0.15% organic acids (formic, lactic, and citric acids). Starter diet was fed until d 7 and grower diet was fed from d 8 until d 21 during the experimental period (Tables 1 and 2 ). Each chick was administered, intramuscularly, 200 μL of a commercial H9N2 inactivated oil vaccine (KBNP, Anyang, Korea). Experimental groups were as follows: control (C); fed a diet containing organic acids (citric, formic, and lactic acids) (O); administered a H9N2 vaccine (V); and fed organic acids and administered a H9N2 vaccine (OV). Spleen and blood samples were taken at 2, 7, and 14 d post vaccination (DPV). Organic acids, composed of 18.38% of formic acid (Geumbi chemical, Geumsan, Korea), 15.73% of lactic acid and 15.36% of citric acid (Perstorp, Malmo, Sweden), were added as 0.15% in basal diet. The use of spleen and blood was approved by the Institutional Animal Care and Use Committee of Seoul National University (IACUC No., SNU-131126-3) . In the present study, 48 broilers were evenly separated in 4 treatment groups with 12 broilers per group. Samples were collected for 3 times during the experimental period. All experiments were performed 3 times, except for the feeding trial, where 48 birds in 4 treatments with sample collection at 3 time points (i.e., 4 birds per time point for each treatment) were performed twice. In addition, extra in vitro experiments, including CD28 expression on CD4 + T cells stimulated with PMA and ionomycin and viral activities measured by plaque and HI assays, were done for three times. Spleen samples were cut into chunks and minced with the flat end of a 3 mL syringe plunger through a 70 μm cell strainer (BD Biosciences, San Jose, CA) into a 50 mL conical tube (SPL, Pocheon, Korea). In order to purify immune cells, 
Flow Cytometric Analysis for Immune Cells
In order to examine subsets of immune cells, antichicken CD4-FITC (clone CT-4), CD28-PE (clone AV7), CD8α-SPRD (clone CT-8) (all from Southern Biotec, Birmingham, AL), and CD25-Alexa647 (clone 13504) (BIO-RAD, Raleigh, NC) were used. Spleens from each treatment were obtained and single cells produced after the lysis of red blood cells. Splenic CD4 + T cells from broilers fed diets containing organic acids with/without vaccination were purified by using FACS aria II sorter (BD Biosciences) and stimulated (in vitro for 24 hr) with a combination of phorbol 12-myristate 13-acetate (PMA; 0, 10, and 100 ng/ml) and ionomycin (Iono; 0, 10, and 100 ng/ml). The intensity of CD28 expression on CD4 + T cells was analyzed by flow cytometry. All flow cytometric data were analyzed with FlowJo software (Tree Star, San Carlos, CA).
In vitro Stimulation and Cell Expansion
Proliferation of lymphocytes, after in vitro stimulation, was determined by MTT assay. In brief, lymphocytes, isolated by Ficoll gradient, were seeded in a 96-well microplate at a density of 5 × 10 5 cells/well. Cells were treated with pre-determined 32 hemagglutination unit (HAU) of formalin inactivated H9N2 (data not shown) (gift from Professor Jae Hong Kim, College of Veterinary Science, Seoul National University) for 3 d at 39
• C. MTT solution (5 mg/mL) was then added to each well, at a final concentration of 0.5 mg/mL, for 3 h at 39
• C in a humidified incubator with 5% CO 2 (Kwak et al., 2015) . The plate was centrifuged at 800 g for 1 min. The supernatant was removed carefully and MTT formazan was dissolved with DMSO. The optical density of each well was measured at 570 nm by a microplate reader (Molecular Device, Sunnyvale, CA).
Chicken Alpha 1-acid Glycoprotein Measurements
Chicken alpha 1-acid glycoprotein (AGP), an acute phase protein in serum, was examined by using a commensal ELISA kit (ALPCO, Salem, NH). In brief, serum was diluted to 1:20,000 (pre-determined, data not shown), and the diluent buffer and sample, along with standard samples, were added to a 96-well microplate pre-coated with AGP-specific antibodies. Next, 100 μL of secondary antibody, conjugated with HRP (ALPCO), was added into each well, and color was developed by 100 μL of tetramethylbenzidine (TMB substrate, ALPCO). The reaction was stopped by the addition of 50 μL of stop solution (2 N H 2 SO 4 ). Absorbance was measured at 450 nm using an ELISA microplate reader (Molecular Device, Sunnyvale, CA) and the amount of AGP was calculated from the standard curve.
Total and H9N2-specific IgG Measurement and HI Titration
For total IgG, a chicken IgG ELISA kit (Bethyl Laboratories, Montgomery, TX) was used. In brief, 100 μL of chicken IgG capture antibody, diluted with coating buffer, was added to a microtiter plate (Bethyl Laboratories) and incubated for 1 h at RT. After blocking, 100 μL of serum, diluted to 1:50,000 (pre-determined, data not shown) with dilution buffer, was added to a coated plate and incubated for 1 h at RT. The plate was washed, and 100 μL of detection antibody (Bethyl Laboratories), conjugated with HRP and diluted to 1:75,000, was added and incubated for 1 h at RT. Next, 100 μL of TMB substrate (Bethyl Laboratories) for enzymatic color reaction was added and incubated for 15 min. The reaction was stopped by the addition of 50 μL of stop solution (2 N H 2 SO 4 ). Absorbance was measured at 450 nm using an ELISA microplate reader (Molecular Device, Sunnyvale, CA) and the amount of total IgG was determined from the standard curve.
For H9N2-specific IgG, 100 μL/well of formalin inactivated H9N2 influenza A virus (A/chicken/ Korea/01310/2001) was coated onto (overnight at 4
• C) a 96-well microplate (Nunc, Roskilde, Denmark). Serially diluted (5 times) sera were then incubated for 2 h at RT, followed by a 1 h incubation with 100 μL of rabbit anti-chicken IgG conjugated with HRP (1:50,000 dilution). After incubation for 1 h at RT, TMB (Millipore, Darmstadt, Germany) was added until color developed, and then the reaction was stopped by the addition of 50 μL of 2 N H 2 SO 4 . Absorbance was measured at 450 nm using an ELISA microplate reader (Molecular Device, Sunnyvale, CA).
Hemagglutination inhibition (HI) titer was determined by using chicken erythrocytes which were collected with Alsever's solution (Sigma-Aldrich, St. Louis, MO) from 2-to 3-wk-old chickens. Serially 2-fold diluted serum (25 μL/well) from 14 DPV was incubated with 25 μL/well of H9N2 virus (4 HAU) in V-bottom 96-well plate (EMD Millipore, Darmstadt, Germany) for 30 min at RT. Chicken erythrocytes (50 μL/well) were added and incubated for 30 min at 4
• C. The highest dilution showing clear red dot was determined as HI titer.
H9N2 Plaque Assay
In order to test direct effect of organic acids to inactivate the virus, two different doses, high at 20,000 ppm or pre-determined (data not shown) low at 1,250 ppm for citric acid, 2,500 ppm for formic acid and 125 ppm for lactic acid (all from Sigma-Aldrich) were examined. Serially diluted (10 −2 ∼ 10 −6 ) H9N2 virus (100 μL) were inoculated into Madin-Darby canine kidney epithelial cells (MDCKs) in 6-well plate for 45 min. Each organic acid in Dulbecco's modified eagle medium (DMEM) (Life technologies, Grand Island, NY) (900 μL) was added in MDCKs for 30 min, 2 h or 24 h. After the incubation, DMEM containing H9N2 and organic acids was removed. Then, inoculated MDCKs were cultured in 0.8% of agar DMEM containing 1 mg/mL of L -1-Tosylamide-2-phenylethyl chloromethyl ketone (TPCK)-trypsin (Sigma-Aldrich) at 36
• C for 2 d. Number of plaques was examined after staining with 0.2% crystal violet.
Statistical Analysis
Using SAS 9.3, statistical differences were determined using one-way ANOVA with Turkey's test. Differences were considered significant at P ≤ 0.05.
RESULTS
Organic Acids Altered H9N2-specific Antibody Response
Organic acids have traditionally been utilized as preservatives to prevent feed deterioration and to extend shelf life, and this anti-bacterial role has been thoroughly studied (Ricke, 2003) . In contrast, the immunological effects of organic acids have not been studied in detail, and therefore, we examined whether organic acids influence antibody production in chickens administered a H9N2 vaccine.
In humans and domestic animals, the IgG titer is one of the most important biomarkers after a vaccination. Therefore, in the present study, we examined the H9N2-specific IgG response in broilers fed diets containing organic acids with/without vaccination. Interestingly, at 14 d post vaccination (DPV), the H9N2-specific IgG concentration was significantly lower in the OV group than in the V group ( Figure 1A) . Similarly, at 14 DPV, total IgG concentration in sera was significantly lower in the OV group than in the V group ( Figure 1B) . Based on these results, organic acids could be used in regulating the efficacy of the H9N2 vaccine.
Organic Acids Altered Subtypes of Splenic CD4
+ T cells CD4 + T cells are one of the key regulators in adaptive immune responses, including antigen-specific antibody production from B cells (Swain et al., 2012) . We examined the status of T-cell subtypes, including CD4 + CD25 + T cells, which are known as regulatory T cells (Tregs) in humans and chickens (Shanmugasundaram and Selvaraj, 2011) . At 2 DPV, the percentage of CD4 + T cells was significantly lower in the OV group than in the C group (Figure 2A ). In addition, at 2 DPV, the percentage of CD4 + CD25 + T cells was 10% higher in the OV group than in the C group ( Figure 2B and D) , while the percentage of CD4 + CD28 + T cells was 10% lower in the OV group than in the other groups ( Figure 2C ).
Organic Acids Down-regulated the Activation of CD4 + T cells
At 14 DPV, we found that mean fluorescence intensity of CD28 expression on CD4 + T cells was lower, not significantly, in the OV group than in the V group (Figure 3A) . In a study on mice, CD28 expression on CD4 + T cells was down-regulated after stimulation with anti-CD3 and IL-2 (Vallejo et al., 1999) , suggesting that the activation of CD4 + T cells decreased the expression of CD28. Therefore, we examined the change of CD28 expression on chicken CD4 + T cells after stimulation. Total splenocytes and sorted CD4 + T cells were stimulated with various concentrations of phorbol 12-myristate 13-acetate (PMA, activating protein kinase A (PKA) signaling pathway) and ionomycin, activating calcium signaling for 24 h. Results showed that the expression of CD28 molecules on CD4 + T cells, treated with PMA and ionomycin, increased after the activation ( Figure 3B ). At 14 DPV, cell proliferation was significantly higher in the V group than in the OV group ( Figure 3C ). 
Organic Acid Inhibition of AGP
In the veterinary field, acute phase proteins (APPs) are major biomarkers of inflammation (Petersen et al., 2004; Eckersall and Bell, 2010) . Chicken alpha 1-acid glycoprotein (AGP) acts as a positive APP in chickens, which increases when inflammation occurs (Takahashi et al., 1994) . Therefore, we investigated whether AGP changed after the H9N2 vaccination and/or the feeding of the organic acids. At 7 DPV, AGP was significantly higher in the V group than in the OV group (Figure 4) , suggesting that the supplementation of organic acids inhibited inflammation. 
DISCUSSION
The impact of feed additives on vaccines has been studied in various domestic animals (Parker et al., 2007; Kim et al., 2010) . A large number of studies have been reported vaccine efficacies based on immunological parameters where the chickens were fed with additives focusing mainly on humoral immunity (Zhang et al., 2009; Tohid et al., 2010; Pourhossein et al., 2015; Tu and Siegel, 2015; Molee et al., 2016) . However, a study examining combination impact of immunological changes, such as host responses by antigen-specific antibody together with cellular immunity, is very limited.
The most important finding from our study was the low (antigen-specific) antibody production in vaccinated chickens that were fed organic acids. It would be worthwhile to postulate the reasons for this: (1) vaccine, (2) adjuvant, and/or (3) host factors. The vaccine (inactivated H9N2 and oil adjuvant) appeared to be working properly, because the vaccination only group (V group) showed a high H9N2-specific antibody response. The low antibody production is likely explained by the action of regulatory T cells, since they are known to inhibit B-cell response in the germinal center (Chung et al., 2011) .
In general, Tregs are identified by the expression of transcription factor "forkhead box P3 (Foxp3)" in mice, humans, and pigs (Hori et al., 2003; Kaser et al., 2008; Miyara et al., 2009) . However, it is important to note that such a key transcript factor for regulatory T cells has not been reported in chickens. So far, only CD25 is available as a surface marker for the identification of regulatory T cells in chickens (Shanmugasundaram and Selvaraj, 2011) . Tregs play a key role in suppression of adaptive immune responses for both T cells (Mills, 2004; Lund and Randall, 2010) and B cells (Lim et al., 2005) , and they may be one of the reasons for the reduced proliferation of lymphocytes and IgG titer in our study.
From the mouse studies, vitamin A metabolite, retinoic acid (RA) is known to regulate adaptive immunity, with well-characterized effects on immunoglobulin responses (Mora et al., 2006) , regulatory T cell (Treg) induction (Nolting et al., 2009) , and gut trafficking of lymphocytes (Mora et al., 2006) . It controls the generation of conventional dendritic cell (cDC) precursors in the bone marrow and regulates cDC subset representation (Feng et al., 2010) . It has been also suggested that dendritic cells produce RA to induce the differentiation of Tregs (Kamada et al., 2013) . The mechanism for the induction of Tregs after feeding the organic acids could be associated with gut microbiota to impact dendritic cells producing RA. However, whether RA produced by dendritic cells to induce the activation of Tregs in chickens is yet to be confirmed.
It is important to note that organic acids are produced by gut microbiota, especially acetate, propionate, and butyrate, which are referred to as short-chain fatty acids (Cummings et al., 1979) . Clostridium cluster IV and XIVa produces butyrate (Guilloteau et al., 2010) , which induces colonic IL-10 producing Tregs (OchoaReparaz et al., 2010; Atarashi et al., 2011; Arpaia et al., 2013) . Thus, it is possible that formic acid (a shortchain fatty acid used in this study) might be able to induce Treg differentiation.
There is a possibility that the H9N2 virus could be directly affected by the organic acids. Therefore, we examined the anti-viral effect of citric acid, formic acid, and lactic acid at various time points by using a plaque assay. All the organic acids showed anti-H9N2 viral activity (Supplementary figure S1) . Formic acid and citric acid completely inhibited activity of the virus, while lactic acid showed a minimal impact. Formic acid can cleave M1 protein from H3N2 (Zhirnov and Klenk, 1997) and citric acid inactivated H7N2 (Lombardi et al., 2008) . Also formic acid (Yilmaz and Kaleta, 2003) and citric acid (Hong et al., 2015) were previously reported to have anti-viral activity against bovine enterovirus type 1 and foot-and-mouth disease virus, respectively. Our result showed that H9N2 activity was inhibited by formic and citric acids in vitro. However, chance for the inhibitory activity of organic acids against H9N2 virus through diet feeding is seemingly a minimal since it is transmitted through mainly respiratory tract. Besides, the concentration of organic acids used in the in vivo experiment was much lower than in which the effective dose appeared in vitro. Challenge study conjunction with mechanistic observation could be necessary to confirm the definite effectiveness of the organic acids.
CD28 is the secondary signal receptor to activate T cells by interacting with co-stimulatory molecules such as CD80/86 on antigen presenting cells (Sharpe and Freeman, 2002) . CD28-deficient CD4 + T cells appear to produce more IFN-γ than do CD4 + CD28 + T cells (Weyand et al., 1998 (Weyand et al., 1998) . This might be one of the reasons why the OV group, which had significantly higher levels of CD4 + CD28 − T cells (data not shown), showed a low antigen-specific IgG response in the present study.
The α1-acid glycoprotein (AGP) is an acute-phase protein in chickens (Grant et al., 1967) . In other studies, inflammatory action, induced by lipopolysaccharide (LPS), increased AGP in blood at 1 d post injection (DPI), and then down-regulated after 2 DPI (Nakamura et al., 1998) , while the AGP level, induced by an infectious bursal disease virus, peaked at 4-5 DPI (Inoue et al., 1997) . In our study, it is interesting that the AGP level, induced by the H9N2 vaccination, peaked at 7 DPV, which suggests the potential of AGP to be used as biomarker for vaccinations in chickens.
The present study investigated the impact of organic acid fed supplements on immune responses in broilers immunized with H9N2. The results from the current study suggested that the supplementary feeding of organic acids regulated adaptive immune responses: (1) H9N2-specific IgG was down-regulated by dietary organic acid supplementation, (2) Tregs were significantly increased in chickens vaccinated and fed diets supplemented with organic acids, (3) CD4 + CD28 + T cells and CD28 expression on CD4 + T cells were reduced by organic acid supplementation, (4) lymphocyte proliferation stimulated by PMA and ionomycin was inhibited by organic acid supplementation, and (5) serum AGP concentration was significantly inhibited by organic acid supplementation. In conclusion, the organic acids regulated antigen-specific B cell responses, coinciding with the change of Tregs, suggests that organic acids could be: (1) a useful source of anti-inflammatory reagent, and (2) used other than vaccination period. Figure S1 . Organic acids, at high dose, directly inhibit H9N2 virus activity in vitro. (A) H9N2 virus titer was measured by plaque assay. (B) Representative plaques by H9N2 with organic acids were shown. H9N2 virus was treated for 30 min, 2 h, and 24 h with each organic acid: citric acid (CA), formic acid (FA), and lactic acid (LA). The level of dose was determined as high dose (20,000 ppm) and low dose (CA: 1,250 ppm; FA: 2,500 ppm; LA: 125 ppm). (B) The pictures show representative plaques from each group.
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